In this study, the reaction of the chloroacetone with OH radical was studied theoretically using density functional theory (DFT) and transition state theory. The potential energy surface of the reaction was calculated at the CAM-B3LYP/6-311++G(2d,2p) and M06-2X/6-311++G(2d,2p) levels. We initially considered four possible reaction paths: (1) the hydrogen atom abstraction from chloroacetone by OH radical; (2) the addition of the OH radical to the carbonyl carbon; (3) chlorine atom abstraction; and (4) S N 2 displacement. The conventional transition state theory was employed to calculate the rate constants. The hydrogen abstraction from the -CH 2 Cl group was found to be dominant. Since, the predicted total rate constant at the CAM-B3LYP/6-311++G(2d,2p) level was in good agreement with the experimental value at 298 K, the level of theory used in this study to describe this reaction is appropriate.
Introduction
The OH radical plays a central role as an atmospheric oxidant. In the unpolluted troposphere, the OH radical is generated by the ozone photolysis-derived O( 1 D) reaction with water vapor, followed by the reaction with carbon monoxide or ozone to yield the hydroperoxy radical or with methane to yield the methylperoxy radical. Then, the hydroperoxy radical reacts with nitric oxide to reproduce the hydroxyl radical [1] . Additionally, in normal condition, the hydroxyl radical undergoes H-atom abstraction and/or addition reaction(s) with volatile organic compounds (VOCs). The VOC reaction leads to the formation of secondary organic aerosols (SOAs) [2] , which affect the radiative balance [3] .
Because of its important role in the upper troposphere and lower stratosphere [4] , the OH radical reaction with acetone has been extensively studied both experimentally and theoretically [5, 6] . The abstraction product acetonyl radical is also an important intermediate species that yields peroxy radicals through the reaction with O 2 [7, 8] . From the environmental point of view strongly linked with the depletion of the ozone layer, Carr et al. investigated the gas-phase reaction of the OH radical with halogenated acetones and determined the rate constants at 298 K [9] . However, since the product analysis has not been carried out yet, the detailed mechanism of chloroacetone oxidation remains uncertain. Computational studies can be useful for evaluating the possible mechanism of the oxidation. In this paper, we present the analysis of the reaction of the chloroacetone with the OH radical obtained by density functional theory (DFT) calculations. We consider the following possible reaction paths. 
Computational methods
The equilibrium geometries of the reactants, transition states, products and complexes were optimized using the DFT method. Range-separated hybrid generalized gradient approximation (GGA) functional CAM-B3LYP [10] and hybrid meta-GGA functional M06-2X [11] were employed using the 6-311++G(2d,2p) basis set. The harmonic vibrational frequencies were calculated to confirm the predicted structures as local minima or transition states (one imaginary frequency) and to elucidate the zero-point vibrational energy (ZPE) corrections. The obtained transition states were confirmed as those connecting the investigational species by a calculation of the subsequent intrinsic reaction coordinates. All the calculations were performed using Gaussian 09 [12] . The spin-squared values were checked and the deviations from the doublet value of <s 2 > = 0.75 were found to be lower than 3.9%. Therefore, the spin contamination was negligible for all the studied radical species.
The rate constants for the addition and abstraction reactions were estimated using the conventional thermodynamic formulation of transition state theory. The rate constant k is given by
where k B is the Boltzmann constant, T is the temperature, h is Planck's constant, ΔG ≠ is the Gibbs free energy of activation and κ is the transmission coefficient. The tunneling effect was approximated using the Wigner correction [13] . In case the abstraction 4 reaction proceeds via complex formation the rate constant k is given by
where k a and k −a are the rate constants for the formation and dissociation of the complex, respectively, and k b corresponds to the consecutive abstraction reaction [14] .
Results and discussion
Four types of reaction paths have been investigated for the OH + CH 2 ClCOCH 3 reaction, namely (1) hydrogen atom abstraction, (2) OH addition, (3) chlorine atom abstraction and (4) S N 2 displacement. In the gas phase, chloroacetone in the gauche form exists as a stable conformer by 299 cm −1 compared with that in the syn form [15] . Therefore, both gauche and syn forms were considered as reactants. The optimized structures of reactants, products, complexes and transition states are shown in Fig. 1 . The selected bond lengths calculated at the (U)CAM-B3LYP/6-311++G(2d,2p) level of theory are listed in Table 1 . The energies and harmonic vibrational frequencies for the reactants, complexes, transition states and addition products are summarized in Tables S1 and S2 , respectively. Table 2 lists the relative electronic energies, including the zero-point vibrational energies (Δ r E), relative enthalpies at 298 K (Δ r H) and relative Gibbs energies at 298 K (Δ r G) of the addition products and complexes to the isolated reactants. Because of the high activation energies, the contribution of the chlorine atom abstraction (ΔG ≠ = 33.0 and 32.7 kcal mol −1 for TS Cl-abs 1 and TS Cl-abs 3 , respectively) and S N 2 displacement (ΔG ≠ = 48.3 and 34.2 kcal mol −1 for TS gauche SN2 and TS syn SN2 , respectively) should be negligible. Therefore, we will focus on the hydrogen abstraction and OH addition reactions. Fig. 2 represents the schematic Gibbs energy profiles of the relevant reaction pathways. of TS abs gauche C3 and TS abs syn C3 , respectively, mainly because of the differences in the C-H bond strength. At the (U)CAM-B3LYP/6-311++G(2d,2p) level, the difference in the C-H bond dissociation enthalpy in the -CH 2 Cl group from that of the -CH 3 group was calculated to be −6.3 and −7.2 kcal mol −1 for the gauche-and syn-conformers, respectively. The Cl substitution lowered the bond strength of the C-H bond of the -CH 2 Cl group [9] . The rate constants for the H-atom abstraction from the -CH 2 Cl group were calculated to be one order of magnitude larger than those from the -CH 3 group.
Hydrogen atom abstraction

OH addition
The OH radical can attach to the carbon atom of the carbonyl group to form the 
Conclusions
The reaction between the chloroacetone and OH radical has been studied theoretically using density functional theory and transition state theory. The potential energy surface of the reaction was calculated at the CAM-B3LYP/6-311++G(2d,2p) and M06-2X/6-311++G(2d,2p) levels, with which we analyzed two important reaction paths: (1) the hydrogen atom abstraction from chloroacetone by OH radical; and (2) gauche-chloroacetone 23, 169, 221, 405, 473, 518, 745, 830, 1013, 1056, 1209, 1265, 1299, 1413, 1458, 1473, 1483, 1822, 3075, 3116, 3133, 3182, 3188 syn-chloroacetone 35, 98, 212, 355, 467, 583, 781, 828, 856, 978, 1057, 1193, 1222, 1340, 1408, 1458, 1478, 1490, 1849, 3066, 3101, 3124, 3149, 3177 OH 3756
TS abs gauche C1 1112i, 30, 120, 168, 223, 385, 409, 479, 529, 556, 757, 812, 887, 922, 1012 30, 120, 168, 223, 385, 409, 479, 529, 556, 757, 812, 887, 922, , 1071 30, 120, 168, 223, 385, 409, 479, 529, 556, 757, 812, 887, 922, , 1241 30, 120, 168, 223, 385, 409, 479, 529, 556, 757, 812, 887, 922, , 1277 30, 120, 168, 223, 385, 409, 479, 529, 556, 757, 812, 887, 922, , 1282 30, 120, 168, 223, 385, 409, 479, 529, 556, 757, 812, 887, 922, , 1411 30, 120, 168, 223, 385, 409, 479, 529, 556, 757, 812, 887, 922, , 1472 30, 120, 168, 223, 385, 409, 479, 529, 556, 757, 812, 887, 922, , 1480 30, 120, 168, 223, 385, 409, 479, 529, 556, 757, 812, 887, 922, , 1512 30, 120, 168, 223, 385, 409, 479, 529, 556, 757, 812, 887, 922, , 1798 30, 120, 168, 223, 385, 409, 479, 529, 556, 757, 812, 887, 922, , 3075, 3134, 3154, 3184, 3741 TS abs gauche C3 784i, 24, 63, 76, 166, 208, 335, 399, 500, 549, 749, 817, 841, 855, 979, 1031 30, 120, 168, 223, 385, 409, 479, 529, 556, 757, 812, 887, 922, , 1156 30, 120, 168, 223, 385, 409, 479, 529, 556, 757, 812, 887, 922, , 1206 30, 120, 168, 223, 385, 409, 479, 529, 556, 757, 812, 887, 922, , 1267 30, 120, 168, 223, 385, 409, 479, 529, 556, 757, 812, 887, 922, , 1297 30, 120, 168, 223, 385, 409, 479, 529, 556, 757, 812, 887, 922, , 1316 30, 120, 168, 223, 385, 409, 479, 529, 556, 757, 812, 887, 922, , 1369 30, 120, 168, 223, 385, 409, 479, 529, 556, 757, 812, 887, 922, , 1467 30, 120, 168, 223, 385, 409, 479, 529, 556, 757, 812, 887, 922, , 1479 30, 120, 168, 223, 385, 409, 479, 529, 556, 757, 812, 887, 922, , 1807 TS abs syn C1 462i, 40, 66, 102, 126, 145, 214, 357, 480, 583, 698, 790, 837, 875, 983, 1072 40, 66, 102, 126, 145, 214, 357, 480, 583, 698, 790, 837, 875, 983, , 1186 40, 66, 102, 126, 145, 214, 357, 480, 583, 698, 790, 837, 875, 983, , 1191 40, 66, 102, 126, 145, 214, 357, 480, 583, 698, 790, 837, 875, 983, , 1312 40, 66, 102, 126, 145, 214, 357, 480, 583, 698, 790, 837, 875, 983, , 1340 40, 66, 102, 126, 145, 214, 357, 480, 583, 698, 790, 837, 875, 983, , 1410 40, 66, 102, 126, 145, 214, 357, 480, 583, 698, 790, 837, 875, 983, , 1480 40, 66, 102, 126, 145, 214, 357, 480, 583, 698, 790, 837, 875, 983, , 1564 40, 66, 102, 126, 145, 214, 357, 480, 583, 698, 790, 837, 875, 983, , 1839 40, 66, 102, 126, 145, 214, 357, 480, 583, 698, 790, 837, 875, 983, , 3068, 3128, 3140, 3179, 3771 TS abs syn C3 815i, 35, 48, 96, 163, 211, 327, 377, 475, 579, 779, 788, 857, 867, 966, 992, 1105 40, 66, 102, 126, 145, 214, 357, 480, 583, 698, 790, 837, 875, 983, , 1197 40, 66, 102, 126, 145, 214, 357, 480, 583, 698, 790, 837, 875, 983, , 1224 40, 66, 102, 126, 145, 214, 357, 480, 583, 698, 790, 837, 875, 983, , 1287 40, 66, 102, 126, 145, 214, 357, 480, 583, 698, 790, 837, 875, 983, , 1350 40, 66, 102, 126, 145, 214, 357, 480, 583, 698, 790, 837, 875, 983, , 1371 40, 66, 102, 126, 145, 214, 357, 480, 583, 698, 790, 837, 875, 983, , 1458 40, 66, 102, 126, 145, 214, 357, 480, 583, 698, 790, 837, 875, 983, , 1465 40, 66, 102, 126, 145, 214, 357, 480, 583, 698, 790, 837, 875, 983, , 1829 add gauche 1 99, 144, 202, 229, 307, 343, 433, 475, 559, 744, 805, 888, 923, 968, 1043, 1082, 1174, 1274, 1307, 1340, 1394, 1476, 1483, 1500, 3087, 3139, 3172, 3181, 3208, 3865 add gauche 1_2 114, 202, 225, 274, 3324, 337, 432, 476, 566, 740, 793, 886, 943, 959, 1045, 1102, 1182, 1258, 1293, 1320, 1400, 1477, 1484, 1502, 3085, 3141, 3166, 3182, 3212, 
